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The excitement of nano-test-tube chemistry in a single-walled carbon nanotube is exemplified in our
study on electron doping in carbon nanotubes. Electron doping through the 1D van Hove singularity of
single-walled carbon nanotubes is realized via a chemical reaction of an encapsulated organocerium
compound, CeCp3. The decomposition of CeCp3 inside the carbon nanotubes increases the doping level
and greatly enhances the density of conduction electrons. The transition of the cerium encapsulating
semiconducting tubes to metallic results in enhanced screening of the photoexcited core hole potential.
This fact illustrates the importance of many body effects in understanding core-level excitation process in
carbon nanotubes.
DOI: 10.1103/PhysRevLett.102.046804 PACS numbers: 73.22.f, 78.30.j, 78.70.Dm, 79.60.i
A single-walled carbon nanotube (SWCNT) can be con-
ceptualized as a rolled up graphene sheet [1]. The quantum
confinement of electrons along the tube circumference
yields a rich variety in conductivities with the chirality
determining its metallic or semiconducting nature [2]. The
electronic structure is intimately related to its atomic con-
figuration [3–6]. In order for carbon nanotubes to fulfill
their promise as electronic materials, that encompass their
properties such as ballistic conduction [7] and high current
density [8,9], their synthesis, purification, and functional-
ization need to be addressed. Remarkable progress in their
purification, such as the separation of metallic and semi-
conducting tubes, has taken place [10,11]. Besides such
chirality separations, doping of SWCNTs with atoms or
molecules is a promising means to tune their bulk elec-
tronic properties. Doping through the van Hove singularity
(VHS) can efficiently modulate the conductivity of
SWCNTs [12,13]. Electron doping of SWCNT bundles
by alkali metal intercalation results in a transition from a
Tomonaga-Luttinger liquid to a Fermi liquid [14,15]. The
excellent structural and chemical integrity of carbon nano-
tubes provides an ideal 1D environment with which to
explore chemistry at the nanoscale [16–24]. Such nano-
chemistry allows tweaking the doping level of encapsulat-
ing metallic SWCNTs [25,26]. These facts highlight the
versatility of SWCNTs as a fundamental component for
electronic devices and as a route for the quest for improved
understanding in chemistry and solid state physics.
In this Letter, we report on the doping of SWCNTs
by cerium compounds. Tris(cyclopentadienyl)cerium
(CeCp3), which consists of three cyclopentadienyl rings
(Cp), bound to a central cerium atom, is used as a precursor
for cerium encapsulation within SWCNTs. We demon-
strate that the encapsulated chemical reaction enables elec-
tron doping through the VHS of SWCNT.
Clear evidence for filling is provided by Raman spec-
troscopy and transmission electron microscopy (HRTEM),
both of which show the transition of the encapsulated
CeCp3 into innershell tubes upon annealing. On the con-
version, electron doping of the encapsulating semiconduct-
ing tube is observed as vanishing VHS peaks in the C 1s
absorption spectra and as the appearance of the carbon
Fermi edge in the valence-band photoemission spectra.
Moreover, two additional features appear near the C 1s
absorption onset at high doping, which we attribute to the
VHS peaks of the original semiconducting tubes with
enhanced core hole screening due to their transition to
metallic tubes.
The SWCNT material was synthesized by laser ablation
and purified by an H2O2 treatment [27]. The purified tube
material and CeCp3 powder were sealed in an evacuated
Pyrex tube and annealed up to 200 C for 24 h. After this
process the tube material was thoroughly rinsed by soni-
cating in acetone multiple times. Finally, a bucky film was
peeled off the filter. Raman spectroscopy was carried out
using a Bruker FT Raman spectrometer with a wavelength
of 1064 nm. X-ray absorption experiments were conducted
at the synchrotron beam line UE 52 PGM, Bessy II. Either
drain current or partial electron yield was collected with an
overall resolving power better than 10 000. Resonance
photoemission spectroscopy was performed by using a
hemispherical SCIENTA SES 200 photoelectron energy
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analyzer. The experimental resolution and the Fermi en-
ergy were determined from the Fermi edge of an in situ
deposited Au film or clean molybdenum substrate. The
base pressure in the setup was maintained below 5
1010 mbar.
The left-hand panel of Fig. 1 shows the Raman spectra
of a CeCp3 filled SWCNT sample before and after anneal-
ing at 1000 C in vacuum. Both spectra contain the ex-
pected radial breathing modes of pristine tubes at
frequencies ranging from 130 to 210 cm1. After anneal-
ing, sharp lines appear in the range of 300–370 cm1,
corresponding to the formation of inner tubes and, hence,
evidence CeCp3 encapsulation within the SWCNT.
HRTEM observations provide us further insight into the
chemical identity of the filling. The right-hand top panel
of Fig. 1 confirms a typical micrograph of the
CeCp3@SWCNT in which arrays of contrast correspond-
ing to encapsulated CeCp3 molecules are easily discerned
within the tube walls. The middle and bottom panels show
HRTEM micrographs of the sample transformed into
double-walled carbon nanotubes (DWCNT) containing ce-
rium (Ce@DWCNT). The undulating lines observed in
between the outer tube wall indicate an inner tube, while
the dark dots are from cerium ions.
Resonance photoemission spectroscopy can extract ele-
ment specific electronic information of compounds. With a
photon energy in resonance with the Ce core absorption
edge, the partial electronic states of cerium are predomi-
nantly observed in the valence-band photoemission spec-
trum. Conversely, when off resonance, the nanotube carbon
valence states dominate in our case. In Fig. 2(a), we
compare the Ce 3d! 4f on-resonance photoemission
spectra of the pristine and annealed CeCp3 filled
SWCNT. Both spectra are, as a whole, very similar to
each other and exhibit a peak corresponding to the Ce
4f1 ! 4f0 transition at a binding energy of 2 eV. In con-
trast, the off-resonance spectra exhibit striking differences
as shown in Fig. 2(b). After annealing, the photoemission
intensities near the Fermi level are significantly increased.
This is better observed from the Ce 4d! 4f resonance at a
higher resolution. Expanding the Ce 4d! 4f off-
resonance spectrum close to the Fermi energy region in
the main panel of Fig. 2(c), one can easily see the Fermi
edge for the annealed sample (Ce@DWCNT). The fact that
there is no corresponding Ce 4f peak observed in the off-
resonance spectra validates the off-resonance condition
both at the Ce 3d and 4d edges. This confirms that the
changes are associated with the Fermi edge of the carbon
valence band. Electron doping of SWCNT bundles up to
the S?1 level induces a transition from the Tomonaga-
Luttinger liquid state to the Fermi liquid state due to an
increase in tube-tube interactions within bundles, as was
shown for potassium intercalated SWCNT [15]. Our case
can therefore be interpreted as electron doping filling states
above the S?1 level and provides direct evidence for the
enhanced conductivity of the SWCNT bundles by cerium
doping. This doping takes place equally in the filled
SWCNTs, but not in the unfilled SWCNTs, enabling se-
lective doping which is crucial for understanding the fol-
lowing analysis of the C 1s excitations.
Figure 3(a) shows the x-ray absorption spectra for pris-
tine and annealed CeCp3 filled SWCNT at the C 1s! ?
excitation region. The pristine CeCp3@SWCNT shows
discernible fine structures corresponding to the unoccupied
S?1 , S
?
2 , M
?
1 , and S
?
3 VHS peaks, very similar to empty
SWCNT [25,28]. Upon annealing the S?1 and S
?
2 are sig-
nificantly suppressed due to electron doping of the semi-
FIG. 1 (color online). Left: Raman spectra for Ce@DWCNT
(A), CeCp3@SWCNT (B), and their difference (A-B) at the
radial breathing mode region. The inset shows a schematic
model for the conversion from the encapsulated CeCp3 mole-
cules to the innershell tube. Right: TEM micrographs of
CeCp3@SWCNT (top) and Ce@DWCNT (middle and bottom).
Scale bar is 1 nm.
FIG. 2 (color online). (a) Ce 3d on-resonance photoemission
spectra obtained at a photon energy of 884 eV. (b) Ce 3d off-
resonance photoemission spectra obtained at 875 eV. The refer-
ence spectrum of SWCNT was taken at 400 eV. (c) Ce 4d off-
resonance photoemission spectrum near the Fermi level in
comparison to that for a clean Au. Inset: Ce 4d on- and off-
resonance photoemission spectra.
PRL 102, 046804 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
30 JANUARY 2009
046804-2
conducting tubes [19]. Furthermore, examining the low
energy tail of the C 1s absorption edge, two structures
can be observed near the onset of the ? peak for the
Ce@DWCNT [indicated by the vertical bars, SM?1 and
SM?2 ]. Importantly, the appearance of these two structures
coincides with the disappearance of the S?1 and S
?
2 peaks.
From this fact, it is likely that these two features have the
same origin, i.e., a sudden energy leap of the S?1 and S
?
2
peaks to the SM?1 and S
M?
2 . The corresponding C 1s pho-
toemission spectra are shown in Fig. 3(b). The main peak
of CeCp3@SWCNT is located at a binding energy of
284.6 eV, the same as for the pristine SWCNT. In contrast,
the C 1s peaks for the annealed samples show significant
energy shifts to lower binding energies, that are about
0.1 eV after annealing at 800 C for 2 h (intermediate)
and 0.3 eV for the Ce@DWCNT. The inset shows clearly
that this monotonic energy shift is triggered by annealing.
The C 1s absorption spectrum of Ce@DWCNT is com-
posed of the  and  structures of sp2 carbon, essentially
very similar to the pristine SWCNT. From this information
it is possible to exclude chemical shifts. Such energy shifts
can occur when the photoabsorption final state energy is
lowered. The final state energy of the core-level photo-
emission process is dominated by the screening of the core
hole potential. In general, the more conduction electrons
available, the stronger the expected screening. In our case,
the enhanced conductivity by doping can yield stronger
screening of the core hole potential, which explains the
lower energy of the C 1s photoemission peak for the
Ce@DWCNT sample.
In turn, upon C 1s! ? near edge absorption of a
SWCNT, an incoming photon excites one electron from
the C 1s core level to the unoccupied? state, as illustrated
in the left-hand panel of Fig. 3(c). The final state of this
process includes one hole (hþ) at the C 1s and one electron
(e) at the previously unoccupied state. In the case of
semiconducting tubes, excitons are the quasiparticles
which lower the energy of the excited state. When the
semiconducting tubes become metallic, the excitons are
no longer stable for a reasonable lifetime. From this pic-
ture, the final state of the doped semiconducting tubes, now
metallic, should increase in energy. This is the opposite of
what is observed. Some other effect lowering the final
energy state with a reasonable energy scale is required.
Core hole screening can once again be applied to explain
the above observation. In the core absorption process, both
the excited electron and other available conduction elec-
trons are responsible for screening the created core hole in
the final state. The absorption threshold energy depends on
the availability of conduction electrons [29]. For semi-
conducting tubes, the photoexcited electrons are respon-
sible for screening the core hole (self-screening). If such a
tube couples with the adjacent metallic tubes, the core hole
can effectively be screened by the conduction electrons
(metal screening). It has been reported that the interactions
between different chirality tubes, especially between the
semiconducting and metallic tubes, are rather weak so that
the Tomonaga-Luttinger liquid state can be observed in
metallic tubes in bundles at low temperatures [14]. This
means self-screening should dominate metal screening in
semiconducting tubes in a bundle. When these semicon-
ducting tubes become metallic by doping, self-screening is
no longer dominant due to the strong scattering of the
excited electrons in the conduction band. Instead, all con-
duction electrons are now responsible for the core hole
screening. In this case the incident is a many body effect
over the whole conduction band and the screening effect
becomes much stronger so as to lower the total energy of
the photoexcited electron system.
In the right-hand panel of Fig. 3(c), the results of a peak
fit analysis of the C 1s absorption spectra are presented.
FIG. 3 (color online). (a) C 1s! ? absorption. (b) C 1s photoemission. Inset shows C 1s main peak positions. (c) Left: Schematic
diagram for C 1s! ? photoabsorption process. Right: Normalized area intensity of van Hove singularity absorption peaks, S?1
(blue), S?2 (navy), M
?
1 (gray), S
M?
1 (red), and S
M?
2 (brown), as a function of the intensity ratio of S
M?
1 =S
?
1 . The vertical arrow indicates
chemical-reaction-induced doping of the conduction states of tubes. The blue and red curves are the results of fitting for the S?1 and S
M?
1
using the equations f1ðÞ ¼ Cð1þ Þ1 and f2ðÞ ¼ Cð1þ Þ1, respectively, where C ¼ const and  ¼ SM?1 =S?1 . The open
circles, D1 and D2, indicate the crossing points between S
?
n and S
M?
n (n ¼ 1; 2) and correspond to the doping levels at the S?1 and S?2
peaks in the density of states, respectively.
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The area intensities of the VHS peaks, S?1 , S
?
2 , M
?
1 , S
M?
1 ,
and SM?2 , were normalized against the M
?
1 intensity and
plotted as a function of the intensity ratio SM?1 =S
?
1 . In this
case, the vertical axis, SM?1 =S
?
1 , represents the doping level
of the tubes increased by CeCp3 filling and subsequent
annealing. It shows that the SM?1 peak can be resolved even
for pristine CeCp3@SWCNT. The presence of electron
doping from CeCp3 to the tubes can be expected based
on a previous study on ferrocene filled SWCNT. Upon
annealing further, suppression of the S?1 and S
?
2 peak
intensities concomitant with the rising intensities of the
SM?1 and S
M?
2 peaks are observed. Assuming that the sum of
the S?1 and S
M?
1 is constant and S
?
1 þ SM?1 ¼ C, we obtain a
simple equation for the S?1 and S
M?
1 intensities, f1ðÞ ¼
Cð1þ Þ1 and f2ðÞ ¼ Cð1þ Þ1, respectively,
where  ¼ SM?1 =S?1 . The corresponding data fit well to
these functions [see the S?1 (blue) and S
M?
1 (red) curves in
the right-hand panel of Fig. 3(c)]. This strongly supports
our assignment for the SM?n (n ¼ 1; 2) peaks. At the cross-
ing point of these two curves, the S?1 and S
M?
1 have the
same intensity. At this doping level half the original S?1
peak is filled. This idea should also hold for the S?2 peak
and is illustrated in the right-hand panel of Fig. 3(c), where
the crossing points,D1 andD2, are correlated to the S
?
1 and
S?2 peaks in the density of states.
This analysis is consistent with the sudden energy leap
in VHS peaks from semiconducting tubes as a consequence
of the transition to a doping induced metallic phase. Since
the semiconducting gap and chemical potential depend on
the chirality of the tubes, doping of each semiconducting
tube is not a simultaneous event. This is the reason why
both the SM?1 and S
M?
2 peaks are observed at moderate
doping levels.
CeCp3 encapsulating SWCNT is used as a template for
nanochemistry to achieve doping through the VHS of
encapsulating SWCNT. From an extended element spe-
cific analysis using resonance core-level spectroscopy,
we provide evidence for massively enhanced conduc-
tivity of doped SWCNT. The enhanced density of con-
duction electrons heightens core hole screening of the
initial semiconducting tubes. This fact illustrates the im-
portance of many body effects in carbon nanotubes. Nano-
test-tube chemistry provides for the use of 1D quantized
electronic levels of carbon nanotubes to manipulate physi-
cal properties and monitor the chemical process in a con-
fined space. Hence, this work opens a pathway for
challenging fundamental issues in correlated 1D electronic
systems.
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